Here we will refer to euchromatic regions silenced by such packaging as "silent chromatin," reserving the term Cell]). Large segments of the genome, primarily repetitive sequences, are packaged in a permanently inactive "heterochromatin" for constitutive heterochromatin exhibiting the cluster of properties shown in Table 1 . While form, constitutive heterochromatin. This requires specific modifications of the histones, recruitment of particwe will focus on the extreme states, in reality there are no doubt a number of intermediates in which a subset ular protein complexes, and/or specific modification of the underlying DNA (see Figure 1) . The silenced state of silencing mechanisms is used to regulate gene expression. can persist through mitotic and meiotic cell divisions, indicating that the particular chromatin structure is itself replicated during the process of DNA replication and Biochemical Characteristics of Heterochromatin chromosome duplication.
Introduction
Significant increases in genome size can be correlated position (i.e., position effect variegation, PEV). The variegation is thought to reflect heterochromatin assemwith the acquisition of epigenetic mechanisms for establishing and maintaining transcriptionally silent "off" bly of formerly euchromatic regions at the euchromatin/ heterochromatin boundary in a stochastic process. That states via chromatin packaging (Bird, 1995) , and this may have been a necessary adaptation for coping with euchromatic regions can be silenced by packaging in a heterochromatic form was initially recognized by identirepetitive DNA. The ability to package large genomes is associated with a fundamental shift in the logic of fication of "facultative heterochromatin," defined as genomic regions that exhibit such packaging in only a gene regulation between prokaryotes and eukaryotes. Whereas in prokaryotes the ground state is nonrestricsubset of the cells or for only one homolog. A prominent example is the inactive X chromosome in female mamtive, in eukaryotes transcriptional activity is generally impeded by nucleosomal packaging (see Struhl, 1999 , mals, where either the paternal or maternal X chromosome is selected for such packaging. The silent state for development of this contrast). Activators and repressors appear to influence gene expression in eukaryotes of "facultative heterochromatin" persists through mitotic cell divisions, providing epigenetic regulation. by recruiting chromatin-modifying activities to promoters (see review by Narlikar et al., 2002 [this issue of Here we will refer to euchromatic regions silenced by such packaging as "silent chromatin," reserving the term Cell]). Large segments of the genome, primarily repetitive sequences, are packaged in a permanently inactive "heterochromatin" for constitutive heterochromatin exhibiting the cluster of properties shown in Table 1 . While form, constitutive heterochromatin. This requires specific modifications of the histones, recruitment of particwe will focus on the extreme states, in reality there are no doubt a number of intermediates in which a subset ular protein complexes, and/or specific modification of the underlying DNA (see Figure 1) . The silenced state of silencing mechanisms is used to regulate gene expression. can persist through mitotic and meiotic cell divisions, indicating that the particular chromatin structure is itself replicated during the process of DNA replication and Biochemical Characteristics of Heterochromatin chromosome duplication.
In the last few years, we have learned a great deal about the biochemistry of heterochromatin. In the process it Structural Characteristics of Heterochromatin has become clear that some of the biochemical modifiEarly cytological studies distinguished two types of cations important for packaging heterochromatic dochromatin: euchromatin and heterochromatin. Heteromains are used to silence genes in euchromatin. These chromatin was originally defined as that portion of the modifications include covalent modification of the DNA, genome that remains condensed and deeply staining association of particular nonhistone proteins, and par-(heteropycnotic) as the cell makes the transition from ticular patterns of covalent modification of the histones. metaphase to interphase; such material is generally asIt is an interesting paradox that while the histones are sociated with the telomeres and pericentric regions of among the most conserved proteins known in evolution, chromosomes. Subsequent work has identified a cluster they are also among the most variable in posttranslaof structural features that characterizes heterochromational modification. The pattern of modifications has tin (Table 1 ; reviewed by Henikoff, 2000) . While heterobeen suggested to act as an information code (the histone code), dictating both nucleosomal interactions and the association of nonhistone chromosomal proteins (Table 2) . How does hypoacetylation impact chromatin structure? In the case described above, the hypoacetylated histone tails interact specifically with the SIR complex. Suv39h1, encode enzymes that specifically methylate the pericentric heterochromatin (e.g., light), which appear to be dependent on HP1 for normal activity (rehistone H3 on lysine 9 (Rea et al., 2000) . Su(var)3-9 was originally identified as a suppressor of PEV in Drosophviewed by Eissenberg and Elgin, 2000). The conserved structure of HP1 suggests that it might serve as a bifuncila, indicating that the wild-type gene product is involved in heterochromatin formation (Tschiersch et al., 1994) . tional reagent, helping to organize and maintain heterochromatin structure. HP1 interacts with a number of A homolog in S. pombe, Clr4, is also a specific histone The findings suggest a mechanism for maintaining heterochromatin structure following replication and for driving the spread of heterochromatin. During replication, the DNA must be "unpackaged" and the daughter DNA molecules repackaged into nucleosomes. Parental histones are efficiently reutilized, distributed randomly to the two daughter DNA molecules; an equal amount of newly synthesized histone is required to complete et al., 2000) . In Neurospora, a single cytosine methyltransferase, DIM-2, is responsible for all information from 5mC to histone deacetylation closes the loop of the self-reinforcing cycle shown in Figure 1 fication pathways operating on each covalent mark also interact and reinforce each other. for those organisms that utilize cytosine methylation.
In organisms lacking 5mC, a histone modification code appears to be sufficient to mark and perpetuate Targeting and Establishment of Silent silent chromatin domains. The feedback loop between Chromatin Domains histone methylation and histone deacetylation, coupled The cycle of epigenetic marks discussed here suggests with mechanisms to maintain these modifications, apthat initiation of heterochromatin formation, or similar parently provides stable silencing. In fact, S. cerevisiae silencing of euchromatic domains, requires acquisition appears to utilize neither DNA modification nor the HP1/ of at least one epigenetic mark. What do we know about histone H3-mLys9 complex, relying solely on deacetylaentry into the cycle? In S. cerevisiae, protein interactions tion of histones H3/H4 as an epigenetic mark to maintain with specific cis-acting DNA sequences, such as E and silencing. The transmission of chromatin states requires I at the HM loci, or telomeric repeats, provide the foundathat at least one of the covalent marks be inherited tion to recruit the SIR silencing complexes (Figure 3) . through mitotic, and possibly meiotic, cell divisions. EviThe EF2-Rb-SUV39H1-HP1 interaction in mammals also dence discussed above argues that all three of these implicates specific DNA sequences (binding sites for marks meet the criteria of persistence through mitosis. EF2) as initiation sites for silencing (Nielsen et al., 2001) .
While self-reinforcing mechanisms may be advantaSilencing within the mating type locus of S. pombe geous to ensure maintenance of silencing on genomic appears to be controlled both by local elements (REII sequences to be archived for the long-term in a nonexand mat3 silencer) operating similarly to E and I in pressed state (e.g., transposons, pericentromeric re-S. cerevisiae and by packaging of the domain as a whole, peats), there may be a need to reconfigure silenced dependent on a block of repetitive DNA (Grewal, 2000).
chromatin as a prerequisite to expression of specific In other organisms, the repetitive nature of the locus, genes (e.g., mating type switching). In this case, what rather than the primary DNA sequence, may be a trigger general mechanisms can be used to break the hetero- (Henikoff, 2000) . The mechanisms at work are not clear, chromatin reinforcing cycle? Removal of the histone H3-but hints can be derived from the repeat sensing/silencmLys9 mark may require turnover of the entire protein, ing phenomena in filamentous fungi, MIP (methylation as no histone demethylase has yet been identified. Hisinduced premeiotically) in Ascobolus and RIP in Neurostones, however, are generally very stable. In comparipora (Selker, 1997) . In these systems, repeats appear son, the 5mC mark is more easily erased by passive or to be recognized by a DNA-DNA pairing mechanism.
active demethylation mechanisms. The most malleable In Ascobolus, cytosine methylation can be transferred mark is the deacetylation of histones, the levels of which between alleles, accompanying meiotic pairing and reare set by the competing activities of histone acetylases combination events . RNA signals and histone deacetylases. inheritance. The self-reinforcing nature of the signaling suggests that heterochromatin can be maintained and propagated, provided that at least one of the epigenetic Propagation of Silencing marks is inherited with the chromatin. As stressed Once a genomic region has been targeted for silencing above, this framework is an assemblage of independent by acquisition of one or more covalent epigenetic marks, interactions teased out in different experimental sysa silent chromatin identity can be propagated through tems. One of the challenges for the future will be to the interactions illustrated in Figure 1 . The general feafill in the gaps to determine how well the framework tures of the system include (1) positive signaling bedescribes the operation of the epigenetic signaling pathtween the different covalent epigenetic marks (shown way in different eukaryotes. Other covalent epigenetic by arrows) and (2) enzymatic complexes/pathways that marks, in addition to the three emphasized here, will recognize each mark and catalyze the formation of the likely be important. The interactions between histone same mark (represented by loops at the vertices of the modifications already documented promises that this triangle). For example, in yeast, the histone H3/H4 simple framework will become much more complex in deacetylation mark is recognized by Sir3, leading to the near future. recruitment of the Sir2 histone deacetylase (see Figure  3) . The histone H3-mLys9 mark is recognized by HP1,
